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a b s t r a c t
Weldlines are generally unavoidable during the process of injection mold filling with even
moderate complexity when two or more melts meet, which greatly influence the quality
of the products. In this paper, we propose a newmethod to numerically simulate the mold
filling process and to capture theweldline adaptively based on the Level Set/Ghostmethod.
The cases where the weldlines are caused by two melt fronts in the injection mold filling
process are analyzed, and our special interest is devoted to confirming the position and
the shape of the weldline depending on the new adaptive technique based on the level set
function. The numerical results show that the proposed method is feasible to detect the
influence of the inset size, the inset shape and the inset center place on the weldline.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction
Injection molding, one of the most attractive polymer processes in industry, is often used to produce a wide variety of
complex geometric articles (e.g. precision gear wheels, hampers, etc.) due to its many advantages such as a single operation,
low wear of the processing equipment, high production rate, short cycle times, low percentage of scrap, etc. [1]. However,
some serious difficulties will be encountered during the process of mold filling and final production whenmolding is multi-
gated or is with insets because aweldlinemay occur when themelt fronts have joints either by impingement flow or around
an inset. It is well known that weldlines are a potential source of weakness on mechanical properties and cause defects in
appearance [2].
Since a weldline generally forms when the melt fronts meet, it is very important to track the melt front. Up to now,
several methods have been developed to achieve this task and the commonly used approaches are Eulerian, Lagrangian and
Lagrangian–Eulerian methods. The Lagrangian method [3] (also called the interface tracking method), explicitly represents
the interface as a discontinuity so that the interfaces can be tracked directly by the computational mesh. This method can
precisely track the free interface but it suffers from mesh distortion problems. Therefore, some remeshing procedure is
logically required to be carried out after some time steps, which is rather time-consuming and particularly complicated to
implement for 3D cases. The readers can refer to [4–6] for the new development and more details. The Eulerian method [3]
(interface capturing method), works by defining the interface as the specific solution on a fixed mesh. This method can
handle free interface problems without remeshing, such as marker-and-cell (MAC) [7], volume-of-fluid (VOF) [8,9], and the
level set method [10], etc. The level set method, introduced by Osher and Sethian in [10], has been applied in many various
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areas in recent years [11,12] for its robustness and high accuracy to capture interfaces that move under complex motions.
Meanwhile, the level set method works in any number of space dimensions, can handle topological merging and breaking
naturally, and is easy to implement. Its main mathematical idea is to view the moving front as a particular level set of a
higher dimensional function, where sharp gradients and cusps can form easily and the effects of curvature can also be easily
incorporated. It approximates the equations of motion for the underlying propagating surface, which approximates to H-J
equations. The Lagrangian–Eulerianmethod [3] is amethod based on the Lagrangianmethod and Eulerianmethod. Recently,
this kind of widely used method is the ALE (Arbitrary Lagrangian–Eulerian) introduced by Hirt et al. in the finite difference
paper [13] and generalized by Hughes et al. in the finite element literature [14]. Thismethod is known toworkwell for small
boundary displacements and has been applied to free fronts in injection mold filling. However, for larger displacements, it
may suffer from grid entanglement and require remeshing which introduces additional computational cost.
The purpose of this paper is to simulate themelt injectionmold filling process and adaptively capture the appearance and
disappearance of the weldline in different molds based on the Level Set/Ghost method. Moreover, the pressure, the velocity
and the temperature variations, and the influence of the inset geometry on theweldline are analyzed and discussed. Actually
the physical controlling equations are discretized byDuan [3,15] andHan [16]. Themelt front and theweldlines are captured
by the level set method.
The remainder of the paper is organized as follows. In Section 2, we give the related equations. We propose the new
adaptive method to solve the problem in Section 3. In Section 4, we give some numerical cases to study the effectiveness of
the new method. We conclude in Section 5 with discussions.
2. Formation
2.1. Hele Shaw model
Under some assumptions of incompressibility, creeping flow and small thickness, we can obtain the Hele–Shaw model
of an injection fluid in a mold as follows [2].
Mass conservation
∂(hu¯)
∂x
+ ∂(hv¯)
∂y
= 0. (1)
Momentum conservation
∂p
∂x
− ∂
∂z

µ
∂u
∂z

= 0 (2a)
∂p
∂y
− ∂
∂z

µ
∂v
∂z

= 0. (2b)
Energy conservation
ρCp

∂T
∂t
+ u∂T
∂x
+ v ∂T
∂y

= κ ∂
2T
∂z2
+ µγ˙ 2 (3)
where h is the half-thickness of the mold, (u, v) are the components of the velocity in the directions (x, y), respectively;
z stands for the thickness coordinate; (u¯, v¯) denote the mean components of the velocity in the thick direction;
p, T , ρ, Cp, κ, µ represent the fluid pressure, temperature, density, specific heat, thermal conductivity and viscosity. The
shear rate γ˙ is approximated by the following formula:
γ˙ =

∂u
∂z
2
+

∂v
∂z
2
.
We can produce the simple equations by simplifying (see details in [1]). The pressure controlling equation is as follows:
∂
∂x

S
∂p
∂x

+ ∂
∂y

S
∂p
∂y

= 0 (4)
where S is the function of the pressure, and the Eq. (4) is a nonlinear, elliptic partial differential equation.
For the power-law fluid, namely
µ = A exp

Ta
T

γ˙ n−1 = m(T )γ˙ n−1, (5)
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Fig. 1. Schematic representation of the meeting point.
and the following formulae are obtained,
γ˙ =

Λz
m
1/n
(6)
µ = m

Λz
m
(n−1)/n
= Λz
 m
Λz
1/n
(7)
S =
 h
0
z2
µ
dz =
 h
0
z2
m(Λz/m)(n−1)/n
dz. (8)
2.2. Level Set/Ghost method
In this section, the mathematical description of the Level Set/Ghost method is given [11,12]. Assuming the motion of an
interface Γ bounds a region Ω , it propagates with a velocity field V. This velocity field depends on the time, position and
the geometry of the interface. The goal is to define a smooth (at least Lipschitz continuous) function ϕ, which represents Γ
as the set of ϕ(x, t) = 0, i.e. Γ (t) = {x : ϕ(x, t) = 0}.
This level set function ϕ is a Lipschitz continuous function with the following properties (see Fig. 1,Ωc denotes the outer
of the regionΩ):
ϕ(x, t) > 0, if x ∈ Ω,
ϕ(x, t) < 0, if x ∈ Ωc,
ϕ(x, t) = 0, if x ∈ ∂Ω = Γ (t).
(9)
Thus, the interface location is implicitly embedded in the ϕ field since the zero level of function ϕ represents the moving
boundary Γ . Meanwhile, the motion of the boundary is captured by updating the level set controlling equation:
∂ϕ
∂t
+ V · ∇ϕ = 0. (10)
In general, ϕ starts out as the signed distance function, is updated by solving (10), and the following equation is solved
to steady-state to reinitialize the level set field:
∂ϕ
∂t
+ sign(ϕ0)(|∇ϕ| − 1) = 0 (11)
where the initial condition satisfies restriction ϕ(x, 0) = ϕ0(x). For a given ϕ, this equation can be solved to steady state
after sufficient steps. For the flows with strong shock waves, ϕ may need to be reinitialized at every time-step.
During the simulation of flow, smooth or constant extension of a quantity q is sometimes needed. A PDE-based
method [12] used in this paper needs to extend the variables into the field of no flow. The following equation is used to
extend quantities to their neighborhood:
qt + S(ϕ) ∇ϕ|∇ϕ| · ∇q = 0 (12)
where S(ϕ) is the signature function of ϕ defined as:
S(ϕ) =
−1 if ϕ < 0
0 if ϕ = 0
+1 if ϕ > 0.
(13)
These equations are discretized by the fifth order weighted essentially non-oscillatory schemes for space and the third
order total variation diminishing Rung–Kutta method for time.
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3. Capturing weldlines
3.1. Adaptive capturing
A new adaptive capturing method is provided for capturing the weldlines based on the level set function. The fusion of
two streams ofmelts startswith the intersection of the two interfaces. Themeeting pointmust be the point on the interfaces.
Thus, firstly, we need to find the nodes near the interface, which may be candidates for the meeting point, and then we can
determine the meeting point by certain rules. The nodes or grids near the interface can be determined as follows.
Define Heaviside function as [17]
Hε(ϕ) =

0, ϕ < −ε
1
2

1+ ϕ
ε
+ sin(πϕ/ε)/π

, |ϕ| ≤ ε
1, ϕ > ε.
(14)
Here, ε is a small positive number about a grid width. See Sussman et al. [17] for more details.
The area of ϕ on each grid domainΩij is defined as
Aij =

Ωij
Hε (ϕ) dΩ. (15)
Obviously, the area Aij will be the area of the grid domain Ωij, when Ωij is filled with melt and be zero when Ωij has
no melt. If Ωij is filled partly with melt, Aij will be a value greater than zero and less than the area of the grid domain Ωij,
and it is certain that these grid domains must locate near the interface of the melt, and the corresponding nodes near the
interface can be determined accordingly. Then we can find the meeting point among these nodes near the interface, which
is described as follows.
The meeting point is judged by the new method in this section. Now we take the weldline, which forms when the melt
flow fronts from opposite directions (see Fig. 1), as an example to introduce the adaptive capturing method. For an ordinary
point on the melt front, the unit outer normal direction

ϕx√
ϕ2x+ϕ2y
,
ϕy√
ϕ2x+ϕ2y

is one and only one. However, for the meeting
point, there lie two unit outer normal directions and two angles between the outer normal and the horizontal right direction,
and their tangents are opposite sign.
tgαAL = (ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1) (16a)
tgαAR = (ϕA − ϕi,j−1)/(yA − yj−1)
(ϕi+1,j − ϕA)/(xi+1 − xA) , (16b)
and then
αAL = arctan

(ϕA − ϕi,j−1)/(ϕA − ϕi,j−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

(17a)
αAR = arctan

(ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

. (17b)
We define the angles as follows for distinguishing clearly the meeting point and the ordinary point.
αAL =

arctan

(ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

+ π
2
if αAL ≥ 0
arctan

(ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

− π
2
if αAL < 0
(18a)
αAR =

arctan

(ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

+ π
2
if αAR ≥ 0
arctan

(ϕA − ϕi,j−1)/(yA − yj−1)
(ϕA − ϕi−1,j)/(xA − xi−1)

− π
2
if αAR < 0
(18b)
whereαAL, αAR denote the angles between the left, the right normal direction and the horizontal right direction, respectively;
ϕA, xA and yA denote the level set function, the coordinates in the (x, y) directions at the point A. Then the angle α between
the two normal directions is formulated as follows:
α = |αAL − αAR| . (19)
The meeting point can be found at the place where the angle α is the maximum (the angle α approaches zero at the
ordinary point).
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Fig. 2. Schematic representation of the mold.
Fig. 3. Melt fronts and weldline.
3.2. Meeting angle
We first define the meeting angle (denoted by θ ) formula basing on the level set function, that is,
θ = π − arccos(N1f · N2f ) (20)
where N1f ,N2f are the outer normal directions of the meeting melt fronts, respectively. And the outer normal direction can
be formulated as follows [11],
N = ∇ϕ|∇ϕ| (21)
where ϕ denotes the level set function.
It is worth pointing out that since we consider only the nodes near the interface instead of all the computational nodes,
the computational cost is greatly decreased than the method used in [18], which determine the meeting point from all the
computational nodes.
4. Results and discussions
In this section, the melt fuse processes will be simulated and the physical quantities will be analyzed and discussed in
the different molds.
4.1. Mold with two inlets
In this section, the injection mold filling process will be simulated in the molds with two inlets which lie respectively on
the unilateral wall (namely, mold with two unilateral inlets), on the opposite walls (namely, mold with two opposite inlets)
and on the neighbor walls (namely, mold with two neighbor inlets).
4.1.1. Mold with two unilateral inlets
Fig. 2 shows the sketchmapof themoldwith two inlets on the unilateralwall. Fig. 3 shows the evolutions of the advancing
front and weldline as time progresses. From Fig. 3, we can see the melts are injected from the two inlets on the unilateral
wall, propagate in the mold, encounter at the middle of the two inlets and the weldline forms.
From Fig. 4, we can see the direction and themagnitude of the velocity vectors at the different times. Actually the speed is
lower at the fuse field during the mold filling process. Moreover, from Figs. 3 and 4 we can see the velocity direction and the
weldline tendency are parallel, which mean the melts cannot fuse completely, causing a decrease of weldline field strength.
From Fig. 5, we can see the pressure decreases gradually from the inlets to the melt front. Moreover, the pressure at the
fuse field is much lower than the other fields when the horizontal distances are the same at the beginning, but the difference
vanishes gradually.
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Fig. 4. Velocity vectors at the different times.
4.1.2. Mold with two opposite inlets
The mold is similar to Fig. 2 except for two inlets on the opposite wall. Fig. 6 shows the evolutions of the advancing front
and weldline as time progresses. From Fig. 6, we can see the melts are injected from the two inlets on the opposite wall,
propagate in the mold, and encounter at the middle of two inlets and the weldline forms.
4.1.3. Mold with two neighbor inlets
The mold is similar to Fig. 2 except for two inlets on the opposite wall. Fig. 7 shows the evolutions of the advancing front
and weldline as time progresses. From Fig. 7, we can see the melts are injected from the two inlets on the neighboring wall,
propagate in the mold, encounter at a lateral place and the weldline forms.
4.2. Mold with an inset
Fig. 8 shows the sketch map of the mold with an inset. Fig. 9 shows the evolutions of the advancing front and weldline
as time progresses. The melt is injected from the inlet. The melt front divides as the melt meets the inset, then flows back
together round the inset and the weldline forms.
From Fig. 10, we can see the melt temperature variation. The melt temperatures are lower at the fusion field (Points 2, 3,
4 and 5 shown in Fig. 11) but increase as the weldline vanishes.
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Fig. 5. Pressure contours at different times.
Fig. 6. Melt fronts and weldlines.
4.3. Influence of the inset on the weldline
In this section, the influence of the place, the size and the shape of the inset on the weldline will be studied, where the
places of the different points in the mold refer to Fig. 11.
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Fig. 7. Melt fronts and weldline.
Fig. 8. Schematic representation of the mold.
Fig. 9. Melt fronts and the weldline.
Fig. 10. Melt temperature variation with time.
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Fig. 11. Schematic representation of the place.
(a) Melt fronts and the weldlines.
(b) Melt temperature variations with time.
Fig. 12. Influence of inset place in the mold on the weldlines.
Fig. 12 shows the influence of the place of the inset in the mold on the weldline shape, length and the temperature
variation at the fuse field. From Fig. 12(a), we can see that the weldline length decreases as the distance from the inlet to
the inset shortens. Fig. 12(b) gives the melt temperature variations at the fusion field.
From Fig. 13(a), we can see that weldline length increases as the inset place in the mold and the length-width ratio is
constant but the inset size increases. Moreover, Fig. 13(b) shows that the melt temperature at the fusion field is much lower
as the inset size increases.
Fig. 14 shows the influence of the inset on the weldline length and the melt temperature at the fusion field. We can see
that the weldline length increases and the melt temperature at the fusion field decreases as the inset width increases.
5. Conclusion
Weldlines commonly appear within injection molding plastic components, which form when separate melt fronts meet
at the meeting point and disappear when the meeting angle is more than 150°. Therefore, it is especially important to find
the meeting point and compute the meeting angle. In this paper we have provided an adaptive method for capturing the
weldline basing on the level set function. Then, the fusion processes of melt fronts are simulated. We have displayed the
weldline shape and place, and have analyzed and discussed the physical quantities variations at the fusion field and non-
fusion field. Finally, some conclusions are obtained as follows:
(1) The speed at the fusion field tends to zero which means the melt fronts cannot fuse completely;
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(a) Melt fronts and the weldlines.
(b) Melt temperature variations with time.
Fig. 13. Influence of inset area in the mold on the weldlines.
(a) Melt fronts and weldlines.
(b) Melt temperature variations with time.
Fig. 14. Influence of inset shape on the weldlines.
(2) The melt pressure and the temperature near the weldline are much lower than other places with the same horizontal
distance, which also means the melt fronts cannot fuse completely;
(3) Theweldline length and the variation of melt temperature at the fusion field are closely relatedwith the inset geometry.
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